I. INTRODUCTION
The homogeneous nucleation of a liquid from its vapor phase is a problem of current interest from both experimental and theoretical points of view. [1] [2] [3] [4] [5] [6] [7] [8] In particular, the study of homogeneous nucleation is important for a fundamental understanding of a wide range of problems including photoinduced, ion and binary nucleation, aerosol generation, cloud formation, and several other atmospheric processes. 9 On the theoretical side, homogeneous nucleation presents an interesting problem where a unique interplay between thermodynamics and kinetics controls the overall process. 2 ,3,S A complete understanding of the nucleation phenomena is currently limited by two factors. First, the nucleus for homogeneous nucleation has never been observed directly in any experiment. Only the consequence of its presence, e.g., droplet formation, is observed. Even within this constraint, different experimental techniques such as cloud chambers (diffusion and expansion), supersonic nozzles and shock tubes provide measurements of droplet formation rates over different ranges of temperature and supersaturation that hardly overlap. 10 This makes an experimental rate equation valid over a wide range of supersaturation and temperature a rather difficult task to achieve. Second, nucleation theory has advanced relatively slowly over the past 60 years since the development of the so called "classical nucleation theory" (CNT) by Becker, Doring, Frenkel, and Zeldovich. 2 , 3, 1l This theory is based on the capillarity approximation which treats the nucleus for condensation as a small fragment of a bulk liquid with the same macroscopic properties such as surface tension and alTo whom correspondence should be addressed. density. Although the CNT has provided significant steps in qualitatively understanding the factors that control the formation of the new phase, it fails to provide a consistent molecular picture as well as quantitative predictions of the rate of nucleation as a function of temperature and supersaturation.
IO
,12 Several models have been suggest~d to improve the theory, but in most cases, they retain the capillarity approximation. 13 -18 It appears that new approaches toward a complete molecular theory which avoid the CNT . . h l b ' d tl 19-22 apprOXImatIons ave on y een examme recen y.
In order to make progress, systematic nucleation studies are desirable. Our interest in this area has to do with the establishment of a more detailed understanding of the role of molecular properties such as dipole moment, polarizability, and structural factors on the homogeneous nucleation process. Our approach is based on studying the homogeneous nucleation of different classes of substances and relating the trends observed in nucleation thresholds and rates to the molecular properties of the systems under investigation. This approach is useful in a number of aspects. First, comparison among the series using some reference frame such as the CNT will identify the trends in nucleation resulting from a systematic variation of one molecular property. Second, because of the semiquantitative nature of the existing nucleation theories, the application of scaling and "corresponding states" to nucleation is necessary. By examining the temperature dependence of the homogeneous nucleation in dimensionless form, different compounds can be grouped according to some common nucleation behavior. Therefore, it will become possible to develop some new scaling laws for homogeneous nucleation which are not dependent on any particular form of theory. Third, the data for different classes of substances with a wide variety of molecular properties will serve as a good test for any new theory of nucleation. This is particularly important for some systems with complicated molecular structures such as long chain hydrocarbons and large polycyclic compounds or with specific molecular interactions such as hydrogen bonded and charge-transfer systems. These systems are particularly good candidates to test the validity of a molecular theory of nucleation. A successful molecular theory should be able to predict the nucleation behavior in the form of a single equation applicable to the entire spectrum of systems characterized by different types of interactions. It should not be biased toward simple fluids with uncomplicated structures. It should be able to account for such anomalies observed in "associated vapors,,23-25 and highly polar liquids. 26 The present paper deals with a comparative study of the homogeneous nucleation of a series of polar molecules, namely, acetonitrile, benzonitrile, nitromethane, and nitrobenzene where the dipole moment ranges from 3.5-4.4 D. In a previous report we presented results for the homogeneous nucleation of acetonitrile. 26 Those results showed that the critical supersaturation required for the onset of nucleation, as measured in a diffusion cloud chamber, is higher than the prediction of the CNT by more than 40%. This is an unexpected result given the good agreement found between the experimental values of critical supersaturations for many substances and the predictions of the CNT. 27 ,28 We attributed this discrepancy to an oriented dipole-dipole interaction within the curved surface of the embryonic droplets which causes the free energy barrier for nucleation to increase relative to that for randomly oriented dipoles in weakly polar substances. In the present study we extend that investigation to other polar molecules including those containing a polarizable' phenyl group as well. This choice of systems has the additional benefit of allowing one to assess the mutual effects of dipole moment and polarizability on the nucleation threshold.
In this paper we first present and discuss the experimental results obtained by using an upward thermal diffusion cloud chamber. Then we compare the results with the predictions of the CNT. We also analyze the data using a corresponding states correlation. This provides a comparison of the nucleation behavior of polar molecules with respect to a reference frame derived for simple fluids. Finally, we examine the application of a scaling law, which relates the onset of nucleation to the critical temperature and the excess surface entropy per molecule. We also use the scaling law to compare the experimental data of the studied compounds with the data from other less polar molecules.
II. EXPERIMENT
The present data were obtained using an upward thermal diffusion cloud chamber. The general description of this device and the details of its operation are available elsewhere. 12 ,26,28 In this chamber the transport processes which produce supersaturation are one dimensional, and can be carefully computed so that the thermodynamic state is precisely known. The nucleation rates are chosen sufficiently small so that the growing droplets have negligible influence on the supersaturation. The onset of nucleation is determined visually by observing the forward scattering of light from drops falling through a horizontal He-Ne laser beam positioned near the middle of the chamber. These drops originate near the elevation at which the maximum (peak) supersaturation occurs (-0.7 reduced height). A measurement consists of setting the temperature of both plates so that the chamber is barely nucleating at a rate of 1-3 drops cm-3 S-I. Under these conditions, measurements are made of the total pressure P t> the temperature of the evaporating pool To, and the temperature of the upper plate T I' The temperatures of both plates are then decreased (or increased) by about 5 °C and the measurement repeated. To insure reproducibility each measurement was repeated at least three times. In order to eliminate the interference from ion nucleation resulting from cosmic ray or natural radioactive sources, the measurements are performed with a constant electric field of 40 V / cm applied between the chamber plates. The temperature gradient required for a nucleation rate of 1-3 drops cm-3 S-I is usually smaller by 3-4 deg in the absence of the applied field. This indicates a catalytic effect for ion nucleation in the studied· polar vapors.
All chemicals were obtained from Aldrich with stated purity of at least 99% and were degassed repeatedly by the freeze-pump-thaw method and transferred to the cloud chamber through a vacuum line. The carrier gas was research grade helium (99.999% pure).
III. RESULTS AND DISCUSSION
The chamber parameters To, T I' and P t under which a steady nucleation rate of 1-3 drops cm-3 S-I occurs for benzonitrile, nitromethane, and nitrobenzene are listed in Tables I, II , and III, respectively. The tables also contain the pressure ratio P/P o and the density ratio PI/PO for each experiment, where Po is the equilibrium vapor pressure of the working fluid at To, and PI and Po are the total densities of the vapor-He mixtures at T I and To, respectively. The stability condition of the chamber is satisfied by the relation 29 ,30 ( 1) where Mw and Mg are the molecular weights of the working fluid and of the carrier gas, respectively. For the three compounds in this study the (l-MwlMg)/(1-To/TI) ratio ranges from 45-50. As noted before, at lower pressure ratios (less than 2.5), the supersaturation depends on the amount of carrier gas used. 3o At higher pressure ratios, convection in the chamber can easily take place. In all the experiments reported in Tables I-III, no visible convection is observed in the chamber and the total vapor density is a monotonically decreasing function of chamber height. Moreover, the density gradient PI/PO is always less than 0.5 which ensures the absence of convection that may be caused by wall heat in the chamber. The thermophysical properties needed to solve the boundary value problem associated with heat and mass flux in the chamber to obtain the supersaturation and temperature profiles 29 are given in Table IV . Most of these parameters are available in the literature as reported in Table IV . Only the binary diffusion coefficient in He (Dab)' the vapor viscosity ('TJ) and the vapor thermal conductivity (IL) had to be calculated for all compounds. In addition, the ideal gas heat capacity (C p ) for nitrobenzene is not available in the literature. It is calculated by Rihani' and Doraiswamy's method of group contributions 31 which gives an average error of 2.5%.32
Dab is calculated using the empirical correlation of Fuller et al., 33 which results in an average error of 5%.34 The vapor viscosity ('TJ) is calculated in two different ways using the method of Chung et al. 35 and the corresponding states relation of Lucas. 36 The two calculated 'TJ'S agree to within 7%-9%. The two-constant Sutherland equations reported in Table IV are based on the Lucas method. The vapor thermal conductivity is calculated using the Eucken corre1ation 37 and the method of Chung et al. 38 The two TABLE IV. Thermophysical properties of acetonitrile, benzonitrile, nitromethane, and nitrobenzene. Values" of M, the molecular weight; Dab> the binary diffusion coefficient at O'C and 1 atm; s, the exponent of its temperature dependence; a, the thermal diffusion factor; Ilil vap ' the enthalpy of vaporization at the normal boiling point in caVmol; T", the critical temperature in K; T b' the normal boiling point in K; P", the critical pressure in bar; and expressions as functions of temperature for P., the eqUilibrium vapor pressure; C", the constant pressure specific heat of the vapor; a, the surface tension; methods agree within 4%-6%. The temperature fits for A reported in Table IV are based on the Chung method.
The dependence of peak supersaturation on the uncertainties in the estimated parameters and the accuracy of the literature values is shown in Table V . Based on the estimated errors in the thermophysical properties and the uncertainty in measuring To, T" and PI' we estimate the overall error in the experimentally determined supersaturation as 3%-5%.
Examples of the dependence of supersaturation, temperature, total vapor density, eqUilibrium vapor pressure, and partial pressure on elevation within the chamber are given in Fig. 1 . The temperature of the liquid film on the top plate is calculated using the film correction.
,30
Twenty-eight points around the peak supersaturation 
J= (qld)
where Jis the rate of nucleation (cm-3 S-I), q is a sticking coefficient and is set equal to 1, d is the liquid density, NA is Avogadro's number, a is the flat surface tension of the liquid, M is the molecular weight, S is the supersaturation ratio (PIPe)' where P is the pressure of the vapor, and P e is the equilibrium or "saturation" vapor pressure at the temperature of the vapor, R is the gas constant and Tis the temperature of the vapor. The central quantity in the rate equation is the barrier height W* which is given by W*=161TNAM2~/3(dR TlnS)2. Table V .
It is clear from the results in Figs. 2-5 and the effects of the uncertainties in the thermochemical properties shown in Table V , that the predictions of the CNT deviate strongly from the experimental results. However, the temperature dependence of the supersaturation is well reproduced by the theory as seen in Figs. 2-5 where the experimental supersaturations are virtually parallel, and significantly higher, than those predicted by the CNT. The magnitude of the discrepancy in Sc is shown in Table VI where we compare the experimental and theoretical Sc for all the investigated compounds at a given reduced temperature. We note that the discrepancy is larger for the more polarizable aromatic compounds relative. to the m~thyl compounds. This trend is parallel to the size of the dipole moments and the polarizabilities of these substances as shown in Table VI . We also note that the cyano compounds show larger discrepancies relative to the analogous nitro compounds. This is clearly observed in the difference between benzonitrile and nitrobenzene despite the fact that the dipole moments are similar and the two compounds have equal polarizabilities. This may be explained in terms of a more localized charge in benzonitrile which results in a stronger orientation of the dipoles.
It is also interesting that the discrepancy between experiment and theory correlates rather well with the acentric parameter (i) as shown in Table VI . This parameter is a measure of the increase in the entropy of vaporization over that of a simple fluid, and thus it reflects the contributions from dipole-dipole and dipole-induced dipole forces to the intermolecular potential energy. The relatively large li) for nitrobenzene compared to benzonitrile does not match the larger deviation observed for benzonitrile over nitrobenzene. This suggests that the localized dipole in benzonitrile might contribute significantly to the large deviation observed.
Up to this point we observed a strong systematic deviation from the predictions of the CNT for highly polar molecules. Since the CNT predicts the correct temperature dependence of S c for these systems, this raises the question as to how large a surface tension of the critical nuclei compared to the bulk value is necessary in order to restore agreement between the CNT and experiment. As shown in Table VI , this requires an increase in the bulk surface tension by 7% for CH 3 N0 2 to 21 % for C 6 H s CN. This suggests that if the CNT is essentially correct, the embryonic droplets of highly polar molecules might be adequately described by larger surface tensions than their bulk values. The significance of the large dipole moments in increasing the surface tension of spherical droplets is shown by the strong correlation between fJ, and the required correction in the bulk surface tension. Therefore, the present results suggest that the CNT does not take proper account of the dipole-dipole interaction in calculating the free energy of the clusters.
IV. CORRESPONDING STATES CORRELATION
Because of the approximate nature of the CNT, corresponding states relations and scaling laws are necessary. in order to correlate trends in critical supersaturations With molecular properties. McGraw 47 derived the following dimensionless form for the free energy maximum of nucleation, W*, (4) is based on Guggenheim's empirical correlations of the surface tension and the number density of the heavier rare gases 48 and therefore is a good approximation for the reduced barrier height for simple fluids. For nucleation rates near unity (J-l cm-3 S-I) W* lies between 50 kBT and 70 kBTY The dependence of supersaturation on Tr for simple fluids is shown in Fig. 6 as two solid curves for barrier heights of 50 k BT and 70 k BT along with the experimental Sc values for the studied compounds. It is in~ teresting to note that the compounds fall into two groups: the aromatics, benzonitrile and nitrobenzene; and the aliphatics, acetonitrile and nitromethane. Despite the large dipole moments, the latter group seems to conform well with the nucleation of simple fluids. Similar observations have been found for less polar fluids such as NH 3 , CHCI 3 , and CCl 3 F and for associated vapors such as acetic and formic acids as shown in Fig. 7 . However, the behavior of CH 3 CN and CH 3 N0 2 is different from those polar compounds which form associated hydrogen bonded liquids such as water and alcohols which are characterized by smaller Sc values compared to simple fluids. 47 This suggests that the trend in the nucleation of CH 3 CN and CH 3 N0 2 might be similar to that of associated vapors which also show higher critical supersaturations than the predictions of the CNT. This effect seems to cancel when the nucleation barrier is expressed in a dimensionless form and therefore CH 3 CN, CH 3 N0 2 , and the carboxylic acids conform to the nucleation pattern of simple fluids which is higher than the CNT predictions for associated vapors.
k B is Boltzmann's constant and T r= T IT c ' Equation
McGraw pointed out that the corresponding states of the nucleation thresholds incorporates the effect of vapor association in an approximate way.47 This is because EoIkBTc (where Eo is the depth of the potential minimum) is a universal constant for simple fluids and hence any increase in EO due to association must be accompanied by an increase in Tc to keep EoIkBTc constant. This leads to a reduction in Tr which would mean an increase in Sc of the associated vapors to conform to the pattern of simple fluids. Figure 8 compares the critical supersaturations of benzonitrile and nitrobenzene with other aromatics having smaller dipole moments. Although all the compounds exhibit deviation from the simple fluid pattern, benzonitrile and nitrobenzene show the largest deviation. The predictions of the CNT for benzonitrile and nitrobenzene are also shown in Fig. 8 . Interestingly, these predictions correlate rather well with the experimental data for the less polar aromatics. This suggests that while the bulk surface tension used in the CNT might be appropriate to describe the clusters of weakly polar aromatics, it fails for highly polar clusters.
v. SCALED NUCLEATION MODEL
In this section, we analyze our results in terms of the scaled nucleation model developed by For a nucleation rate of 1 cm-3 s-1, the scaling law is expressed as (6) where n is the excess surface entropy per molecule in the "Calculated using Eq. (7) at a temperature T (K) which represents a mid-range of data. bCalculated using Eq. (8) at a temperature T (K) which represents a mid-range of data. "Predicted from the experimental data using Eq. (6) and Fig. 9 at the temperature range of the data (T I -T 2 ).
cluster and can be approximated by the Eotvos constant, K e , which is defined as 52 (7) where v is the liquid molar volume. Hale pointed out that a more reliable value for il can be obtained from the temperature dependence of the surface tension according t0
where P is the liquid number density. In order to investigate the effect of the parameter il on the predictive ability of the scaling law, we used Eqs. (7) and (8) to calculate il for the studied compounds at a mid-range temperature of our data. The results are given in Table VII where we refer to il calculated from Eqs. (7) and (8) as ill and il 2 , respectively. Using these parameters, we calculated the critical supersaturation as a function of temperature using Eq. (6). The results as shown in Figs. 2-5, indicate that the choice of il has a crucial effect on the calculated supersaturation. It is also evident that il2 calculated from Eq. (8) does a relatively better job in predicting the supersaturation than ill does. However, nitromethane shows an opposite trend where ill gives results closer to the experimental data than does il 2 . We also note that the use of ill in the scaling law gives rise to Sc values comparable to the predictions of the CNT which underestimates the critical supersaturations for the highly polar compounds. The measured supersaturations can be used to extract values for il from Eq. (6). The linearities of the plots are evident and from the slopes of the lines we calculated il values from our data. As expected, these values (listed in Table VII ) are closer to il2 than to ill with the exception of CH 3 N0 2 . The most prominent feature in Fig. 9 is the grouping of the compounds in a similar fashion to that found with the corresponding states of simple fluids discussed in Sec. IV. The aromatic compounds benzonitrile and nitrobenzene require larger supersaturations than the aliphatics acetonitrile and nitromethane. Strong correlation within each group is also observed in Fig. 9 . This is consistent with the similar polarizabilities of the compounds in each group as shown in Table VI . Figure 10 compares the results of ben- 4~----------------------------------, zonitrile and nitrobenzene with those for less polar aromatic substances. Again, benzonitrile and nitrobenzene show larger supersaturations compared to the less polar aromatics which is the same trend observed in Fig. 8 . Therefore, the characteristic nucleation behavior of the highly polar substances is clearly seen from the two scaled models.
VI. CONCLUSIONS
The critical supersaturations required for the homogeneous nucleation of acetonitrile, benzonitrile, nitromethane and nitrobenzene have been measured. To our knowledge, this is the first reported measurement of the homogeneous nucleation of highly polar liquids, and while at this stage our data measures only the temperature dependence of the critical supersaturations, they are of sufficient accuracy to affirm several novel conclusions which we summarize as follows.
( l) The results show a significant disagreement with the predictions of the classical nucleation theory. Highly polar vapors are more stable with respect to condensation than those of weakly or nonpolar vapors which are well described by the CNT. The systematic deviations of the highly polar compounds from the CNT strongly correlate with the dipole moment and polarizability of the investigated molecules.
(2) Corresponding states and scaled nucleation models illustrate the similarity in the nucleation behavior of polar molecules with similar polarizability.
(3) The scaled law, with n extracted from the temperature derivative of the surface tension, describes the experimental results relatively better than the classical theory except for nitromethane. However, consistent and good agreement between the experimental results and the scaled model is lacking.
The results and analyses presented in this paper establish the characteristic behavior for the nucleation of highly polar liquids. However, these analyses do not provide a true explanation for such a phenomenon, and the theoretical basis of the observed behavior must be examined. It is quite possible that highly polar molecules exhibit a strong degree of association in the vapor phase which can influence both the kinetics and the thermodynamics of nucleation. 54 It is also conceivable that large dipoles might align at the cluster surface and cause an increase in the surface free energy of the nucleus. 55 The dipole alignments might be more conceivable in prolate spheriodal clusters. We address these questions in the paper that immediately follows the present one.
